The paper presents results and sensitivity analysis of the results of a real detailed study focused on changes in water consumption and its unevenness with changing pressure conditions in a particular observed office building. The dependence of water consumption on pressure is expressed using the FAVAD equation using the N3 coefficient. Parameters for sensitivity analysis are number of workers in the building, pulse value from water meter and length of time step for expressing unevenness of water consumption during the day.
Introduction
At present, the effective implementation of water supply systems is a major task. This basically means that an optimization of selected optimization criteria was carried out according to chosen preferences, based on changes in operating parameters affecting the selected criteria. Now, the water losses, respectively its reducing, is mostly frequently used as an optimization criterion, and the energy recuperation as well [1, 2] . Both of these criteria have in most cases the opposite desired extreme, and in particular, it is necessary to reduce the pressure in the water system for reducing water losses. However, the pressure drop will also reduce the part of water consumption. When optimizing pressure conditions in water systems, water consumption should also be taken into account as a criterion. In contrast to the two above-mentioned criteria, water consumption is also burdened by a higher stochasticity and by various factors as well. Factors influencing the consumption include a group of operating factors, with the pressure in the water system being most influential among them, for example according to [1] [2] [3] [4] [5] [6] , the climatological factors [6] [7] [8] [9] and also, for example, the water price [2, 10, 11] .
For water consumption is valid that for each type of a user, the dependency on factors influencing consumption is always different [12] . Water consumption is divided into "inside the house" and "outside the house" for the prediction of water consumption with pressure variation [13] . Both parts of the consumption then have different coefficients expressing the dependency on pressure. Subsequently, the average coefficient expressing the dependency of pressure for the entire building respectively for one consumer is calculated. Subsequently, this cumulative coefficient for one user is implemented into the FAVAD (Fixed and Variable Discharge) equation according to [14] , respectively into its simplified form according to [13] . Nowadays, there are not too many N3 set coefficients within the meaning of [13] based on real studies. Value of this coefficient explains degree of dependency of water consumption on pressure. However, for example the value of the "inside the house" consumption coefficient was set at 0.2 for the Johannesburg students 'campus in [15] . According to [16] , the dependence of consumption on pressure for pressure flushers in Great Britain was also demonstrated and the value of the coefficient was set at 0.07 and 0.025. The course of water consumption over time under various pressure conditions was given attention in the study [17] , where the dependence of the water consumption during the day on the pressure conditions was determined.
This article builds on the detailed real-life study and the established results that have been presented in [8, 17] . This study was focused on monitoring the influence of pressure on water consumption and its course over time for an office building. This paper presents a sensitivity analysis of the results presented in [8, 17] , where the influence of the input parameters on the results obtained was monitored. The monitored input parameters are in this case the number of people in the building during the working time, the water meter pulse value and the time step length in the characterization of the water consumption using demand coefficients.
Methodology
A detailed description of the procedure of the study data evaluation aimed at monitoring the influence of pressure on water consumption and its course over time is described in [8, 17] . This article only presents the necessary mathematical approach for determining the N3 coefficient and the demand coefficients.
To determine the N3 coefficient, first it was necessary to take into account that working hours are not the same every working day. This means that the consumption per working day was related to the selected time unit, in this case it was 1 h. In [8] the influence of the number of workers in the building during working hours was also included. For further comparison, the format was considered litre-1.person-1.hour-1. According to the relation:
where Ci is the standard water consumption for the ith day (for working hours of the day), Vi is the volume of water consumed during the ith working day, pi is the number of people on the shift of the ith day, and hi is the number of working hours on the ith day. For the purposes of performing the sensitivity analysis in this article, the value of the N3 coefficient was calculated without including the number of shift workers, with the relationship (1) being then adjusted as follows:
For other needs for determining the N3 coefficient, the individual working days are classified into pressure categories according to the average daily pressure (during the working hours of the given day). The categorization has been done with respect to the balance of the number of values in each class, but also with respect to the size of the intervals of the individual categories. The criterion was also the absolute number of values in each category. The category division is shown in Figure 1 . The value of the N3 coefficient was determined in the meaning of [13] . This coefficient was set on the basis of the average values of water consumption and pressure for each category according to the following relations:
where C1k is the actual water consumption for the kth category, C1k is the calculated water consumption for the kth category, wk is the weight of the kth category determined by [8] and m is the number of pressure categories. It follows from this equation that the weighted square deviation of the calculated water consumption values from the actual measured water consumption for the given pressure category has been minimized. The consumption was calculated according to the following formula with accordance to [13] :
where C0 is the water consumption for the highest pressure category, P1k is the mean pressure in the kth pressure category, P0 is the mean pressure in the highest pressure category, and N3 is the coefficient expressing the effect of the change in pressure conditions on the water consumption.
In the second part of the sensitivity analysis, attention is paid to the course of water consumption during the day. To determine the coefficients of the unevenness (demand coefficients) and the maximum coefficient for the selected time step, the following procedure is used:
Flow in the time step j, in day i is determined as average flow in day i multiplied by coefficient in the time step j during day i.
where Qij represents flow, QMEANi is mean flow, cij is coefficient of water demand variation. Coefficient of variation after modification is determined as follows:
Mean coefficient for each time step in pressure category k is determined as the sum of all coefficient values in time step j, in the pressure category k.
where cMEANik is mean coefficient, k is pressure category, mk is the total number of days in category k.
where εk [-] represents square deviation of coefficients from optimal value in each time step (as optimal value is considered 1. It corresponds to constant consumption during day).
Case Study
The aim of this study was to monitor the change in water consumption with the dependencies of the change in pressure in the internal water supply of the building. The pressure was gradually controlled by a special pressure regulating valve on the water service connection, which is connected to the public water supply system. Experiment was conducted on an office building, which is a relatively common type of building in a consumption area up to the size of a regional city. This building has three above-ground floors and the maximal number of workers is 35. The workers are practically evenly divided into each of the above-ground floors, in which identical equipment is provided. To determine the anomalies in the measured statistical data set, the number of people in the building was monitored on working days. The evaluation of dependencies took place only during the working days. The duration of the measurement campaign in the case study was one calendar year. The survey found out that in the meaning of [13] all measured water was consumed "inside the house".
Throughout the experiment, a continuous pressure and water flow measurement on the output of the control valve was conducted in the pipeline of the internal water supply. The pressure was measured with an integrated pressure sensor with a range of 0.0-1.0 MPa with a measurement accuracy of 0.25% of the range. Measured pressure values were stored with a time period of 15 s. The volume of water per time unit was measured with a precision water meter of the "C" type with a pulse generator. The pulse value was set to 1 L. Measuring of the volume with this pulse size allowed a sensitivity analysis to indicate the influence of the pulse size on the value of the N3 coefficient. The simulation of the pulse size was performed in the way that at each time the water meter was recorded, this state was rounded to the nearest lower multiple of the selected pulse size.
For this case study, the intervals of the pressure conditions categories and the number of values in individual categories are shown in Figure 1 . The value of the pressure of one day was determined as the arithmetic mean of the considered working hours of the given day. As can already be seen from Figure 1 , the total number of observations is 157. Due to the range of maximum and minimum pressures (1.96-4.19 bar), a division into 5 categories was chosen. The boundaries of these categories and their indication are shown in Figure 1 .
There are three working time shifts in the studied building: 7:00 to 17:00 on Mondays and Wednesdays, 7:00 to 15:00 on Tuesdays and Thursdays and 7:00 to 13:00 on Fridays. A common working time for all days was selected for sensitivity analysis of the established demand coefficients (from 7:00-13:00).
The following values of water consumption were characteristic for the studied building.
Based on the values given in Table 1 , pulse values were selected. As it can be seen, the average hourly consumption ("AHC") is approximately 90 L h −1 . The pulse value was chosen as a percentage of this value, but also respected the technical practice and commonly used pulse values. The relative pulse value considering AHC was chosen as 2.5, 5, 10, 20, 50 and 100%, which in absolute values corresponded to the pulse size of 2, 5, 10, 20, 50 and 100 L. 
Results
The N3 coefficient for changing input parameters was determined on the basis of Equations (1)- (4). Achieved results of the sensitivity analysis of N3 value are well evident from Table 2 and Figure 2 . As it can be seen in Figure 2 and Table 2 , the monitoring of a number of workers during the day has a big impact on the N3 coefficient values. Inaccuracies when determining the value of the N3 coefficient without monitoring the number of people in the building and with the monitoring amount at 53%, even when considering the smallest pulse of 1 L (real measurement). In case the number of workers was observed, it was found out that up to 10% of AHC the high accuracy of the N3 value is achieved.
The unevenness of water consumption, respectively its time course was analyzed for all the pressure categories. In these cases, samples (5)- (7) were used to calculate the coefficients. In this article only the most interesting results for the selected pressure categories and the time step are chosen. It is graphically well-known in Figure 3 (30 min time step) that increasing the pulse value results in greater variance of the coefficient values than the most accurately set values (pulse value of 1 L). Increased variance of coefficient values begins when the pulse value exceeds 5% of AHC.
Similar trends and results are achieved for other categories and time step lengths. The results of the sensitivity analysis for the maximum coefficients for the given time step for each pressure category are also interesting. Figure 4 shows a trend of the increasing maximum value of the demand coefficients with the increase in pulse size. Relatively satisfactory accuracy for all categories is achieved up to a pulse size of 5% AHC. The values of the maximum coefficients and the accuracy in determining the maximum coefficient value (compared to the pulse value of 1 L) for a 30 min time step for all categories are apparent from Table 3 respectively Table 4 . 
Discussion
At present, there is still not enough realistic studies carried out on the impact of pressure ratios on water consumption, as opposed to, for example, the loss of water that has been and is being paid much attention to. In future, more studies will be needed, such as [8, 18] . The problem of conducting realistic studies is the need to change the pressure conditions, which can cause customer complaints at the lower and upper limits of the allowed pressure range in the distribution network even if the legal requirements are met. As the relationship pressure: consumption will be necessary to describe in the future, this article provides some guidance on what to pay attention to during similar studies, and what impact the inaccuracy of the input data may have on the results achieved.
There are many possibilities to carry out more real measurements in the near future. This option is based on the use of SMART metering, which will allow to collect water consumption information at short time intervals for different types of customers. From these data, it would be possible in the future to be able to compile complex dependences of the unevenness of the distribution for the whole distribution network, not just for individual types of customers.
Conclusions
This paper presents the results of the sensitivity analysis based on the studies [8, 18] , and it was found out that when determining the value of the N3 coefficient for an office building, the most important input parameter was the number of workers in the building during individual working days. The most accurately determined value was 0.150 (with a pulse value of 1 L and with monitoring the number of workers), while retaining a pulse value of 1 L and not including the number of workers, the value of the N3 coefficient was only 0.071, that makes the inaccuracy of 53%. This high inaccuracy in determining the N3 coefficient was not found out even in the case of a pulse size of 100 L (approximately 110% of the average hourly consumption) when the inaccuracy of the N3 value was 27%. The inaccuracy of the N3 determination increased with the increasing pulse value, but the N3 set values up to 10% of the AHC and 10 L, respectively, were considered to be accurate enough, with the inaccuracy of <2% in both cases.
A sensitivity analysis of demand coefficients describing the course of water consumption over time has shown that the inaccuracy when determining the coefficients in the chosen time steps is acceptable up to a pulse size of 5% of AHC. The highest inaccuracy found over a 30 min time step is only 7% up to a pulse size of 5% of AHC, which can still be considered satisfactory.
Based on the results presented here, it is possible to provide for similar future studies such as [8, 18] . To determine the N3 coefficient, for example, for an office building, it is absolutely essential to monitor the number of shift workers, which guarantees that even if the pulse value is badly selected, the result will not be burdened with such a large error. However, for the determination of the N3 value, the pulse value should not exceed 10% of the AHC. It is very unsuitable to use pulse values of >20% of AHC. To monitor the water consumption process over time and determine the maximum coefficients in the selected time steps, it is advisable that the pulse size does not exceed the 5% pulse value of the AHC.
Finally, it should be noted that studies [8, 18] were carried out for the office building type, so it is not appropriate to apply the above-mentioned values and conclusions globally to each type of a consumer. However, there is a presumption that the observed dependencies will be similar to other types of consumers and therefore the above mentioned recommendations can be applied to other types of consumers with a certain tolerance dose.
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